Abstract-In this paper, materials frequently used in high-speed (HS) electrical machines are assessed. High-speed permanent magnet synchronous machines with a special tooth-coil topology serve as an example for the assessment. The lamination and rotor sleeve materials are compared taking into account their price, per unit losses, resistivity, and other factors. The resulting tables provide the electrical machine designer with a means to enhance the HS machine performance at low costs.
INTRODUCTION
According to the increasing number of publications on the topic [1] [2] [3] , the interest of the research community in high-speed (HS) electrical machines is growing. The multidisciplinary nature of the HS electrical machine design procedure attracts researchers from the fields of electromagnetics, thermal analysis, rotordynamics, power electronics, material science as well as bearing designers [4] [5] [6] [7] [8] . Intensive studies in the field are motivated by the industry's interest in these machines. Application fields of HS machines cover water treatment, energy sector, heating, ventilation, and air conditioning (HVAC), and food industry. The advantages of HS motors and generators have made these machines attractive in various application fields. These advantages are a higher system efficiency, a smaller carbon footprint and system size, and a higher power density compared with conventional rotating electrical machines [9] .
High-speed induction machines (HSIM) and permanent magnet synchronous machines (PMSM) are the most attractive and widespread solutions in the industry. The HS PMSM provides a higher efficiency and power density and a higher power factor than the HSIM, especially in low-power applications [10, 11] .
In this paper, a special HS PMSM topology is considered. The machines under study have six stator slots and nonoverlapping concentrated windings, that is, tooth-coil (TC) windings. The rotor has two poles and consists of a full cylindrical permanent magnet (PM) and a retaining sleeve around the PM. The advantages of this topology are the simple rotor and stator construction and assembly process, a high efficiency and power factor, a sinusoidal back-EMF shape, and a short axial protrusion length of the end windings. The short end windings allow to achieve a short rotor length, which, in turn, increases the maximum rotational speed [12, 13] .
A low number of poles is preferable in high-speed machinery because of the converter limitations and a significant increase in some loss components at high nominal frequencies [14] . In the case of a 2-pole HS PMSM with distributed windings (DW), the axial protrusion length of the end windings can be equal to the stator active length. Therefore, the rotor is longer, which further complicates the design of the drive train. This problem can be avoided by using tooth-coil windings. However, there are several factors that limit the adoption of the proposed topology with TC windings. This paper describes some design solutions aimed to increase the power or rotational speed of the HS PMSM having the above-mentioned topology. The effects of the selection of the stator and rotor materials on the machine performance and costs are presented. The design solutions are elaborated on and compared with each other by two analyses.
There are various methods to assess an engineering system design; however, only a few of them are widely used in the industry [15] . This paper focuses on two popular methods, namely, the Pugh matrix and the Analytical Hierarchical Process (AHP).
The main contribution of this paper is the description of materials enabling a higher power or rotational speed of HS machines and a comparison of these materials with each other. This information will facilitate material selection based on the performance/complexity ratio. The data are validated by prototypes constructed and measured in the study. The proposed methods of comparison can be applied to other design optimization options and other electrical machine types.
CONSTRUCTION AND KEY LIMITATIONS
The design of any high-speed electrical machine is a multidisciplinary process owing to the mechanical, thermal, and electromagnetic aspects to be taken into account simultaneously. In the case of HS electrical machines, the electromagnetic design is more complicated than with conventional machines. After the electromagnetic design is completed, a detailed thermal and rotordynamic analysis must be performed. If any of the boundaries is not met, a new round of iteration starts.
This paper proposes a material selection strategy that can help to overcome the boundaries set by the thermal, mechanical, and electromagnetic limitations. An HS electrical machine topology serves as an example to demonstrate the influence of every design solution in detail. Two prototypes based on the proposed topology were constructed and measured. In these machines, alternative design approaches were adopted to overcome the limitations. These methods of comparison can also be applied to any other electrical machines.
The topology under consideration is aimed to reduce the manufacturing costs. To this end, there are only six stator slots in the topology. The rotor consists of a full cylindrical diametrically magnetized PM inside a retaining sleeve. Fig. 1 illustrates the cross-section of the HS topology with an example of the flux lines, flux distribution, and winding scheme. The Finite Element Method (FEM) calculations of the machines were performed using the Cedrat Flux software package. All calculations were made in 2D; however, the 3D effects were taken into account using the method described in [16] . A detailed description of the FEM design process of the tooth-coil machine topology can be found in [17] .
The structural limitations of the topology are mainly related to the stresses between the retaining sleeve and the magnet. These stresses are caused by centrifugal forces and thermal expansion. The contact between the PM and the retaining sleeve must be maintained from zero up to the maximum allowed rotational speed and at any operating temperature. Simultaneously, the stresses between the PM and the sleeve must be below the yield strength of the retaining sleeve material taking into account the safety factor [18] .
The maximum length of the machine is associated with the rotordynamics. Usually, the drive system is designed to be undercritical. However, there are bearing solutions that allow overcritical operation. In the topology under consideration, the rotordynamics is usually not a critical limitation. Because of the TC windings, the total rotor length is significantly shorter than with a DW machine of a similar performance. The shorter rotor enables undercritical operation in most of the cases with the topology under study.
The losses place significant limitations both on the rotor and stator parts. The rotor losses consist of magnet and retaining sleeve losses caused by eddy currents. Further, about three-quarters of the total rotor losses occur in the conducting retaining sleeve material. The total rotor losses do not significantly reduce the machine efficiency, but they can cause permanent magnet overheating and ultimately, irreversible demagnetization.
The stator core losses are a limiting factor at high operating frequencies. Reliable loss data at high frequencies are required to adjust the coefficients of the applied hysteresis loss model and calculate the core losses at the nominal frequency by the FEM.
In this topology, copper losses can be very high, because the winding factor is only 0.5. In the winding design, it is extremely important to limit extra copper losses, including losses caused by the skin effect and circulating currents. An analysis of the prototypes has shown that the rotor and end winding temperatures are the two main thermally critical factors. These temperatures can be selected as the key indicators of whether the current design meets the boundary conditions.
Mechanical losses start to play a significant role at high rotational speeds. Because of the smooth outer rotor surface and a relatively small rotor diameter, friction and windage losses are not a limiting factor. In the case of ball, air film, or fluid film bearings, bearing losses constitute the majority of the mechanical losses in the topology under analysis. The frequency converters may be a limiting factor at high frequencies even in two-pole machines. To minimize the losses in the machine, various converter topologies, sampling techniques, and switching frequencies are used [19, 20] .
There are various alternatives to overcome the above-mentioned multidisciplinary limitations and achieve a better performance with the topology presented in this paper. These solutions require diverse resources at the design and manufacturing stages and yield different results. The following section introduces methods that allow to compare alternative solutions and rank them. By applying the results of this comparison, design engineers are able to select the most promising materials.
ASSESSMENT METHODS
Two methods are frequently applied to the design assessment: the Pugh matrix [21] and the Analytical Hierarchical Process (AHP) [22] . The AHP is used for concept ranking and the Pugh matrix for pairwise comparison.
In the Pugh matrix method, the concepts are compared with the "datum" concept with respect to several parameters. Thus, a value "better than datum," "worse than datum," or "similar" is determined for each parameter. The best design has the highest number of "better than datum" values. This method is widely used in various areas, for example, in energy and mechanical engineering, and it can also be integrated with other methods such as the Quality Function Deployment (QFD) [23] [24] [25] [26] .
The AHP is a method developed by Professor T. L. Saaty in 1977, and it is based on the decomposition of the main problem into subproblems. The method consists of two main phases: ranking of the evaluation criteria and assessment of the design. In order to achieve the goal, pairwise comparisons of all criteria are carried out to determine the relative importance of each criterion. Next, pairwise comparisons are made between all alternatives separately for each criterion. Based on these comparisons, an overall selection is made. Eigenvalues and eigenvectors are used to ensure that the decision maker's judgments are consistent [27] . This method is used for electrical machine design [28] , measurement system development [29] , and electrical energy generation planning [30, 31] .
A fair comparison of diverse parameters can be made by using normalized data. For normalization, the following formulas are used:
where f norm is the normalized result, f initial the initial value, and f max and f min are the maximum and minimum values of this parameter. By this approach, the normalized data can be interpreted in equal terms. For each parameter, 0 is the worst result and 1 is the best result.
HIGH-SPEED ELECTRICAL MACHINE MATERIALS

Assessment of the Stator Material
The methods introduced in this paper are demonstrated for the selection of the stator lamination material. The most commonly used lamination materials in high-speed machines are selected for comparison, namely M270-50A, M270-35A, NO27, NO20, NO10, and a more rare 10JNEX900 lamination. Ten lamination suppliers were requested for a quotation for the same prototype geometry and alternative materials available. Based on the quotations, the relative costs and availability of the materials are obtained. These parameters are given in Table 1 . The other important parameters are obtained from the manufacturers' datasheets [32, 33] . These parameters include the relative losses at 400 Hz and 2500 Hz at 1 T. The space factor depends on the lamination and insulation thickness and has an impact on the core losses. The relative values of this parameter are listed according to [34, 35] in Table 1 . The value of the flux density at which the flux density saturation occurs at 50 Hz is shown with the relative parameter saturation. The relative resistivity and yield strength of the lamination materials are also presented. The data are normalized using (1). After the data normalization, the AHP method starts the pairwise comparison of the material properties. The importance of price in the material selection is compared first with availability, then with losses at 400 Hz, and with all other properties. For example, in Table 2 , a judgment is made that for an HS machine, the material price is twice as important as availability (thus the value 2 in the table cell). The relative importance of one parameter over another is expressed. The same procedure is applied for all material parameters. All the judgments constitute an n × n pairwise comparison matrix, where the main diagonal elements equal 1 and a ij = 1/a ji for all i, j = 1, . . . , n. An example of the comparison matrix for the lamination parameters is shown in Table 2 .
The next step is the conversion of the comparison matrix in Table 2 into weight coefficients for every parameter. For this purpose, an eigenvector is calculated. The values of the eigenvector are the relative weight coefficients of the parameters. The weight coefficients and ranks of the lamination material parameters are given in Table 3 . According to the results, price, loss at 400 Hz, and availability are the most important parameters for the selected operating frequencies.
The final step is scoring of the results based on the data of Tables 2 and 3 . The resulting ranking factors RF are calculated by the following equation
where f i are the material normalized parameters and w i the weight coefficients of the parameters. The calculated ranking factors and the ranks for the lamination materials are given in Table 4 . The results show that NO27, M270-35A, and M270-50A are the first options for the design. These materials have an acceptable per unit loss level at 400 Hz and a low price, and are usually available in stock according to the data of Table 1 . Sometimes in the design process there is a need to select between two lamination material options. A pairwise comparison applying the Pugh matrix allows to choose one out of two materials based on their parameters. The method has three steps. First, one option is selected and assigned as a basis or "datum" for the comparison. The second step is the comparison of the parameters of the options with a datum. Finally, the next option is assigned as a datum, and the procedure is repeated. For example, the material NO20 is assigned as a datum and compared with M270-50A. The results of the comparison are shown in Table 5 . The pairwise comparison shows that M270-50A has five parameters that are better than the datum, and three parameters that are worse than the datum. According to the Pugh method, the material M270-50A is a better option than NO20. This is also confirmed by the AHP analysis, where M270-50A has a rank of 3 and NO20 has a rank of 4. Table 6 shows the results of the pairwise material comparison based on the Pugh method. The rows represent the selected materials, which are compared with respect to the datum, and the columns represent the datum. In each cell, the top value indicates the number of parameters that are better than the datum, the middle value is the number of parameters that are worse than the datum, and the bottom value is the number of parameters of equal value. If the selected material is better than the datum, the cell is highlighted in green, if it is worse than the datum, the cell is highlighted in red, and if the materials are equal, the cell is highlighted in yellow.
The drawback of the Pugh method is the equal assessment of all option parameters. Therefore, less important parameters, for instance, lamination yield strength, may affect the results of the pairwise comparison. It can be seen in Table 6 that by applying the Pugh method it is difficult to compare materials that have very distinct parameters, for example, 10JNEX900. Therefore, the Pugh method is suitable for the comparison of options that have similar parameters.
When assessing the lamination materials by the two methods described above, it can be seen that the price difference is not critical in the case of the M-series and NO-series steels; however, the availability of these series is usually an issue. In many cases, NO20 and higher grades have to be purchased separately. Because of the exceptional characteristics of the 10JNEX900, this material has the lowest per unit losses at high frequencies among silicon-iron (SiFe) alloys [33] . The high price and low availability of this material makes it a favorable choice only in very demanding applications.
Assessment of the Rotor Sleeve Material
The rotor sleeve material significantly affects the maximum power and rotational speed of the proposed HS machine topology. The electromagnetic, mechanical, and thermal factors are acting simultaneously on the retaining sleeve. The common rotor retaining sleeve materials used in HS PMSMs and their normalized properties are given in Table 7 . The materials prices and availability are obtained by the same procedure as with the stator lamination. The yield strength, density, thermal conductivity, and resistivity of the sleeve materials are found in [36] [37] [38] .
Similar to the stator lamination AHP analysis, a comparison matrix is produced for the rotor lamination materials. The comparison matrix of the material parameters is shown in Table 8 . The eigenvector of this matrix provides information about the relative importance of each parameter. The weight coefficients of the rotor retaining sleeve material parameters are shown in Table 9 .
The yield strength and density of the material determine the maximum rotational speed, while resistivity defines the losses in the retaining sleeve. Therefore, these parameters are of a high importance. A high yield strength allows higher rotational speeds than a low material density, which is shown in Table 8 with the value of 5. The price and availability of the materials should also be taken into account in the selection of the rotor sleeve material.
According to the AHP method results presented in Table 10 , the titanium retaining sleeve is the best compromise between cost and performance. Stainless steel or carbon fiber retaining sleeves are the next best options depending on the stresses occurring in the sleeve material. Carbon fiber Table 11 shows the Pugh matrix for the retaining sleeve materials. The data are obtained applying the principle explained in Table 5 . In line with the AHP method results, the Pugh matrix demonstrates that Inconel is the least favorable option because of its high price.
The suggested stainless steel grades are the lowest-cost options, and these materials have the lowest yield strengths and the highest conductivities compared with the other sleeve materials. The implementation of titanium, Inconel, or carbon fiber significantly extends the boundaries of the machine with the proposed topology but also the material price rises. Carbon fiber has exceptional yield strength and resistivity but its thermal conductivity is very low. In the proposed construction, this is critical because the only rotor cooling channel is the outer surface of the sleeve. In this case, the carbon fiber can only be selected with permanent magnets of high temperature grade.
PROTOTYPE VALIDATION
Based on the results of the material analysis, two prototypes with the proposed topology were built and optimized. The first one is a 3.5 kW, 45 000 rpm PMSM for a turbo blower. The second one is an 11 kW, 31 200 rpm permanent magnet synchronous generator for a micro Organic Rankine Cycle (ORC) power plant.
In the 3.5 kW machine, NO10 lamination and a titanium retaining sleeve were used. These materials were chosen to significantly extend the speed and power limits and ensure stable operation of the first prototype. The other design methods implemented in the machine were installation of magnetic wedges and selection of the bearing solution.
Another approach to the electrical machine design was taken in the 11 kW generator. The materials chosen for the second prototype were M-270-35A lamination and an ANSI 316L retaining sleeve. According to Tables 4 and 10, these materials are preferable solutions. The methods applied in the design process are optimization of the air gap length, yoke thickness, and tooth tip, and installation of a magnetic wedge. As a result, the performance of the 11 kW machine is relatively similar to the 3.5 kW machine but with lower costs and manufacturing time.
The prototype test results show a good correlation between the simulated and measured losses. More detailed information of the prototypes and testing can be found in [39] .
CONCLUSION
In this paper, an assessment of the lamination and rotor sleeve materials for a 2-pole, 6-slot HS PMSM with tooth-coil windings is presented. The materials are assessed applying the AHP and Pugh matrix methods. The rank results of the AHP assessment are presented in tables. The Pugh matrix allows a pairwise comparison of the selected materials for high-speed electrical machines.
Two prototypes demonstrate alternative strategies for the HS machine design. In the 3.5 kW machine, expensive materials are used to extend the power and speed limits of the machine. In the case of the 11 kW machine, only the materials with the highest assessment ranks are applied to the design.
